Abstract-This paper presents a mathematical method to quickly calculate the flux density vector B produced by the current circulating in a resistive single-phase superconducting electrical current limiter (RSCL), at any point of its whole space, using the Biot-Savart's Law. As the calculation using the exact form of the turns of each coil (single layer cylindrical coil with helicoidal form presenting voids (free space) between neighbor turns) is computationally very cumbersome to be used in a RSCL dynamic simulator, it is proposed in this paper to substitute the real coil, only for the subject of the calculation, by an imaginary coil formed by plane closed circular turns with the same number of turns, the same height and radius as the real coil. Each turn of the imaginary coil is placed exactly in the medium position between successive turns of the actual coil and will carry the same current. The coil self-inductance is also calculated to verify the accuracy of the proposed method.
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I. INTRODUCTION

E
LECTRICAL power system loads are expanding continuously and the short circuit levels at its different points are increasing so that the capacity of the electrical protection devices are exceeded. To solve this problem it is necessary to implement fast short-circuit electrical protection features which do not interfere in the regular operation of the system and that are self-restored after the short-circuit occurrence to guarantee the electrical power system stability.
The resistive superconducting electrical current limiter (RSCL) is an effective solution to solve this problem [1] , [2] because it presents all that mentioned desired characteristics to perform as a very fast switch introducing an electrical resistance in series with the circuit in less than 1 ms limiting the short-circuit current to a required value. When the electrical current quickly increases due to an overload or short-circuit occurrence exceeding a critical current at a given temperature of the cryogenic coolant fluid, the superconducting material transits from the superconducting state to the conducting state (quench) due to the increase of the magnitude of the magnetic flux density vector (B) on the material surface above the critical magnetic field Bc.
The RSCL are constituted by single-layer concentric cylindrical coils with nonmagnetic core like fiber glass [3] . Due to the electrical and coolant characteristics those coils present helicoidal form and voids between neighbor turns as shown in Fig. 1 .
As described in [3] , the magnetic field generated by the current circulating on each turn of the RSCL coils contributes to the increase of the magnitude of the vector B on the superconducting material surface.
The largest value uses to occur near the medium position of each coil, making this point a source of the quench propagation.
The calculation of the vector B on the surface of the superconducting material in that mentioned region is of fundamental importance in the design phase of the RSCL coils because this value is used in the mathematical simulation of the dynamic behavior of the RSCL so as to adapt to the design values to permit the correct actuation of the limiter just when submitted to high currents and so that the quench doesn't occur at rated electrical current.
The dynamic simulator used in the design of the RSCL, as detailed described in [3] , is based on the critical current of the superconducting material in function of the magnetic induction in its surface at a given cryogenic fluid temperature as well as in the self and mutual inductances of the several coils constituting the RSCL. A RSCL, constituted of concentric coils, can be mathematically represented by a set of differential equations describing the electrical circuits representing each coil. Each one of those electrical circuits comprises the coil electrical resistance (in the normal conducting state), the self inductance of the coil and all the mutual inductances between coils.
The RSCL must be designed so that the inductances before mentioned result in a minimum value of the equivalent inductance of the RSCL so that it presents a very low impedance to the electrical power system when in the superconducting state.
At each step of the numerical solution of the set of differential equations [3] , it is necessary to calculate the current circulating in the coils and the magnetic flux density vector at each point of the superconducting material. The material characteristic curve is verified to check if the material is in a quench condition, that is, if for the B calculated value the electrical current value is above the curve. With the correct design of the coil parameters of the RSCL it has the guarantee that the quench will occur only at the overcurrent desired value and that it will not occur during the regular operation of the electrical power system.
The most important calculation involved in the RSCL design is the calculation of the vector B at each point of the coils. It makes possible to evaluate the inductances and then to simulate the dynamic behavior of the RSCL.
In [4] it was presented a mathematical method using the BiotSavart's law to evaluate the magnetic flux density at each point of the RSCL coils considering the exact form of the turns that is helicoidal with voids between turns. This type of vector B calculation, named Helicoidal Method, is very accurate but it is also very high time consumption method.
In this paper it is presented an alternative method to the above mentioned method where the helicoidal coil with voids between turns are substituted by coils constituted by plane closed circular turns uniformly spaced along the nonmagnetic core carrying the same current as shown in Fig. 2 .
The Biot-Savart's law is also used and it is the best solution to calculate the vector B considering that the RSCL simulator used in the design step requires the calculation of the vector B at any place of the RSCL at each step of the differential equation numerical solution. It could be thought to use a finite element software to do this job but to do that it would be necessary to have the possibility to solve the set of differential equations together with the finite element equations which would be troublesome and not usual in finite element commercial software package.
All the calculations shown were numerically implemented in this paper through a specific software developed for this project and a low temperature RSCL using CuNi matrix superconductor with 3 concentric coils parallel connected was designed, built and tested successfully as reported in [3] . At this time a new RSCL using high temperature superconductor ceramic material are being designed to be built and tested.
II. THE COIL WITH PLANE CLOSED CIRCULAR TURNS
The turns of the coil shown in the Fig. 1 are substituted by plane closed circular turns, as shown in Fig. 2 , placed at the average position between two successive turns of the coil in Fig. 1 as shown in Fig. 3 .
The calculation of the vector B at any point of the RSCL coils can be done taking a differential current element of the coil as shown in Fig. 4 and applying the Biot-Savart's law in its differential form, as shown in (1), to calculate the differential of the vector B:
(1)
III. MAGNETIC FLUX DENSITY VECTOR CALCULATION
According to the Biot-Savart's law the vector B at any point of the RSCL space, produced by the electrical current circulating in the coil can be determined as shown in Fig. 4 . Applying the Biot-Savart's law to the plane closed circular turn, the vector B can be calculated at any distance R from the turn carrying the electrical current as shown in Fig. 5 , through the calculation of the integral of (1) along the curve described by the turn.
Using the cartesian coordinate system the vector B can be well determined, at any point of the space, by the components , and as shown in (2)to (6). 
(See equations (5) to (6) at bottom of page)
IV. CALCULATION OF THE SELF AND MUTUAL INDUCTANCES OF THE RSCL
The vector B calculation method shown above is also necessary to calculate the self inductance of each coil and also the mutual inductances between coils of the RSCL. As the coils present non magnetic cores the system can be considered magnetically linear and those inductances may be calculated using (7). In this equation is the linkage magnetic flux linking any coil and is the current circulating in this coil (for self-inductance calculation) or is the current in any other coil (for mutual-inductance calculation).
(7)
The magnetic flux linking each turn can be determined by the (8). In this equation the vector B is calculated considering the proper electrical current as mentioned in the paragraph before The self-inductances of a set of 6 different coils were used to validate the proposed method of the magnetic flux density vector calculation. It was used the 3 coils of the built RSCL mentioned in the item I of this paper which data are given in Table I and also a set of 3 different coils made of copper wire which data are given in the Table II. In the first case (Table I ) the self-inductances of the coils were calculated by the proposed method and by the before mentioned Helicoidal Method [4] and the results are compared concerning the self inductance relative errors and also CPU time consumed for each calculation. In the second case (Table II) the self-inductance of each coil were measured using a GenRad 1659 RLC Digibridge and calculated using the Helicoidal Method. The results were compared concerning also the relative errors and CPU time consumed for each calculation.
To compare the CPU time consumed in this method with the CPU time consumed in the helicoidal method, both computer programs were run in the same computer and the run time was measured from the start to stop the run.
As it can be seen in Tables I and II the self-inductance values calculated using this proposed method presents a very small errors when compared with the calculated by the helicoidal method and with the measured values.
The CPU time was significantly reduced by more than 5 times thus confirming that this method is reliable and computationally efficient for the purpose of RSCL design.
VI. CONCLUSION
A fast mathematical method to calculate the magnetic flux density vector in a RSCL using a substitution of an helicoidal coil by a hypothetical plane closed circular turns parallel mounted coil was presented. The accuracy is very close to that found in [4] and the CPU time consumption to perform the calculation is very low. This way this method of calculation can be used in the design of resistive superconducting electrical current limiters without loss of the complete accuracy of the limiter operation condition.
